Abstract-The FMCW radar estimates the relative speed and the distance of moving targets from the frequency spectrum of received beat signal. The radar systems based on the Doppler processing measure the appropriate information from discrete frequency spectrum, and hence the accuracy depends on the sampling rate as well as the number of samples. In this paper, we propose the frequency offset estimation method based on the kernel function analysis. The proposed method can compensate the errors by using the fine beat frequency obtained from the accurate offset values. It provides the high accuracy with the less number of samples, so the system has lower computational complexity and higher speed processing compared with conventional methods.
INTRODUCTION
The FMCW radar is effectively used to measure the distance and the velocity of the moving objects. The 77GHz millimeter wave band is used for automotive applications [1] and many countries adopt this band through ITU recommendations [2] .
In the FMCW radar systems, the frequency spectrum of received beat signals is analyzed to determine the existence of targets and also to obtain the information such as the distance and the relative speed of moving targets [3] . The CFAR algorithms [4, 5] are developed to recognize the target by removing the clutters. After the CFAR detection process, the distance and the relative speed of target can be computed from measured beat frequency. Since the most FMCW radar system uses discrete Fourier transform (DFT) to obtain beat frequency, the discrete beat frequency must have the frequency offset which degrades the detection performance. The frequency offset is determined by sampling frequency and total number of samples N. Many literatures have been proposed to improve the accuracy of radar systems. The bandwidth extrapolation (BWE), relaxation (RELAX) and compressive sensing (CS) estimation show the enhanced performance compared to the range Doppler method based on DFT [6] . The fine frequency estimation method proposed in [7] also can improve the resolution in discrete frequency domain, but it has drawback in computational complexity. Here, we propose a simple frequency offset estimation algorithm, which is based on the kernel function analysis [8] .
This paper is organized as follows. The signal modeling is introduced in section 2. Then, the new frequency offset estimation method is proposed in section 3. In section 4, the performance of new method is evaluated by the simulations. The conclusive remarks are in section 5.
II. FMCW RADAR SIGNAL MODELING
The FMCW radar system for automotive applications usually uses the triangular linear frequency modulation (LFM). The transmit signals are classified by the up chirp signal , and the down chirp signal , , which are given by the following equations [9] .
Here, the frequency sweep rate, , is the ratio of bandwidth (BW) to pulse repetition interval (PRI). The received signal reflected from the moving target includes Doppler shift and time delay , and received up chirp and down chirp signals are written by
After removing the reference signal from the received signal, the beat frequencies of the up chirp and down chirp signals are represented by Since the beat frequency is estimated at the discrete frequency domain, its accuracy is determined by the sampling rate as well as the number of samples. The maximum offset error is proportional to the system accuracy and it can be derived as ∆ . 9
III. FREQUENCY OFFSET ESTIMATION METHOD
The beat frequency of sampled signal causes interference to adjacent frequency index. And the effect of interference is determined by the offset of discrete beat frequency. Here, is the maximum magnitude of frequency distribution, and the beat frequency error is assumed to be defined by · | | 2 , 0 0.5 12
The rate of and can be written by follow equation 1
Hence, the beat error can be computed from as 1 14
and we can obtain the compensated beat frequency
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The windowing are applied to CFAR detection performance for FMCW radar system. For automotive application system, the Hamming window provides good CFAR detection performance [10] , and hence we focus on Hamming window and its kernel function where is the Fourier transform of rectangular window, which is given by 0.5 0.5 .
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As like the sinc function case, when and are the first and second biggest samples, the rate of magnitudes and can be represented by 2 1 Figure 3 . Offset error estimation comparison of Hamming and rectangular window Fig. 3 shows the estimated offset error from the rate of magnitude. The rectangular window and the Hamming window cases are simulated with 0 dB SNR, and each result has come close to the measured offset errors. When the rectangular window is applied, the computation from is easy, but in case of Hamming window, there is no closed form to obtain the inverse of kernel function. Hence, the look up table (LUT) is proposed to be used to get from Hamming function.
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IV. PERFORMANCE EVALUATION
The performance of proposed method is evaluated by computer simulations for automotive application environment [2] where the SNR is relatively higher. The system parameters for simulations are summarized in Table 1 . To obtain from kernel function of Hamming window, LUT of size 5,000 is used. The using proposed offset estimation method can compensate the errors of measured values of moving target. And the accuracy of compensated values is proportional to SNR. Fig. 4 shows the average error of measured values with respect to the SNR for conventional method and proposed method with various DFT sizes. While the conventional system has error floor which are determined by the number of samples and sampling frequency, the proposed method provides the higher accuracy with the higher SNR. Also this method can obtain required accuracy with only smaller number of samples, and hence it can reduce the total computation complexity of system. The traditional method has same average errors regardless of window, but proposed method has better performance with Hamming window than rectangular window. The new simple estimation method for beat frequency offset is proposed to improve the accuracy of FMCW radar system. While the resolution of measured values is determined by sampling frequency and number of samples, the proposed method increases the accuracy of measured values without changing the sampling frequency or the number of sample. It decreases the errors with the small computational complexity. So, it can be applied to various radar systems based on Doppler processing. 
